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Universal Droop Control of Inverters with
Different Types of Output Impedance

Qing-Chang ZhongSenior Member, |IEEE, and Yu Zeng Student Member, IEEE

Abstract—Droop control is a well-known strategy for the
parallel operation of inverters. However, the droop contrd
strategy changes its form for inverters with different types of
output impedance and, so far, it is impossible to operate irerters
with inductive and capacitive output impedances in parallé In
this paper, it is shown that there exists a universal droop ceatrol
principle for inverters with output impedance having a phas
angle between—3 rad and 7 rad. It takes the form of the
droop control for inverters with resistive output impedance (R-
inverters). Hence, the robust droop controller recently poposed
in the literature for R-inverters actually provides one way
to implement such a universal droop controller that can be
applied to all practical inverters without the need of knowing
the impedance angle. The small-signal stability of an inveer
equipped with the universal droop controller is analyzed aml it is
shown to be stable when the phase angle of the output impedasc
changes from—7 rad to 7 rad. Both real-time simulation results
and experimental results from a test rig consisting of an R-
inverter, an L-inverter and a C-inverter operated in parall el are
presented to validate the proposed strategy.

Index Terms—C-inverters, L-inverters, output impedance, par-
allel operation of inverters, R-inverters, robust droop catroller,
universal droop controller.

I. INTRODUCTION

[9], [10]. Accurate equal power sharing could be obtained
without deviations in either the frequency or the amplitude
of the output voltage by adjusting the output impedance
and the frequency during the load transients [5]. Another
control strategy achieved equal power sharing by drooping
the virtual flux instead of the inverter output voltage to idvo
the frequency and voltage deviations [6]. For accurate load
sharing in proportional to the capacities of the inverters,
a small signal injection method was proposed to improve
the reactive power sharing accuracy [7], which can also be
extended to harmonic current sharing. In [8], a voltage rbnt
loop with a direct droop scheme and a power control loop with
a complementary inverse droop scheme are implemented for
dispatchable sources and nondispatchable ones in a migrogr
respectively.

Inverters equipped with the conventional droop controller
are required to have the same per-unit output resistanae ove
a wide range of frequencies. To overcome this limitation,
a robust droop controller [9] was proposed to achieve ac-
curate power sharing even when there are numerical errors,
disturbances, component mismatches, and parameter. drifts
It does no longer require the inverters to have the same
per-unit output impedance as long as they are of the same
type. However, inverters could have different types of atitp

Power inverters are widely used as the interface to integrgfypedance, which in most of the cases are inductive (L-
distributed generation (DG) units, renewable energy S8Jrcinverters) around the fundamental frequency but can also be
and energy storage systems [1] into smart grids [2]. They a&sistive (R-inverters) [5], [9], capacitive (C-invegr{11],
often operated in parallel for enhanced system redundarty 812]  resistive-inductive Ry -inverters) or resistive-capacitive

reliability, as well as for high power and/or low cost. In $ee (R -inverters). Figure 1 shows the Bode plots of the output
applications, the control design for parallel-operataeiters jmpedance of an L-inverter, an R-inverter, and a C-inverter
to achieve accurate load sharing among all kinds of sourggsm which it can be seen that the impedance of the L-, R-,
has become an important issue. To achieve this task, sevei@ C-inverter around the fundamental frequency is mainly
centralized control techniques with external communiati ingyctive, resistive, and capacitive, respectively. Careg
have been reported in the literature [3]. However, the CORith L-inverters, R-inverters can enhance system damping
munication link among the inverters generates a technivél agng C-inverters can improve power quality. For invertertwi

economical barrier, especially for remote microgrids [4].

different types of output impedance, droop controllersehav

On the contrary, droop control techniques, which makgfferent forms [1]. It is still impossible to operate invers
use of the local measurements, are widely used for acth different types of output impedance in parallel, whish
rate load sharing without communication [5], [6], [7], [8linevitable for large-scale utilization of distributed geations
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and renewable energy sources.

In the literature, there have been some attempts to find droop
controllers that work for more general cases [13], [14],]]15
[16], [17], [18]. An orthogonal linear rotational transfoation
matrix was adopted to modify the real power and the reactive
power so that, for L-, R-, an® -inverters, the power angle
could be controlled by the modified real power and the inverte
voltage could be controlled by the modified reactive power
[13]. However, the ratio o/ X needs to be known, whetie



60 of the droop control principle for R-inverters, which pavhe
@ 0 way for designing universal droop controllers with diffete
g methods. In this paper, the robust droop controller progpose
B 20 in [9] is adopted for implementation. The contribution ofsth
= paper lies in revealing this universal droop control prite;j
§ 0 mathematically proving it, implementing it with the robust
20 droop controller proposed in [9], and validating it with ex-

periments. Moreover, small-signal stability analysis asried
out for inverters with different types of output impedant8]|
[20].

The rest of the paper is organized as follows. In Section II,
the conventional droop controller is briefly reviewed withrse
new insights added. In Section lll, after reviewing the gqroo
control strategy that is applicable to L-, R-, aRd-inverters, a
droop control strategy applicable to C-, R-, dhd-inverters is
proposed, together with some further developments fontioe t

0 50 100 150 200 250 300 strategies. In Section IV, the universal droop control gipie
Frequency (Hz) is developed and a universal droop controller to implement
_ ‘ ~ the principle is proposed, together with small-signal itgb
E'gzu“%‘ #H’TgengﬁleQ?'ggsd gfo”f é’l‘j}g‘,’ta'r:“g?ﬂsgft‘zro(fw?&'-f";’%‘”ﬂj analysis. Real-time simulation results are presented atige
R — 80, andC, = 0 4F), and a C-inverter (with, — 7 mH, R — 0.10, ¥ and experimental results obtained from a system congistin
andC, = 161 pF). of an R-inverter, an L-inverter, and a C-inverter in patalle
operation are provided in Section VI for validation, with
conclusions made in Section VII.
and X are the resistance and inductance of the inverter output

Phase (deg)

impedance, respectively. A different droop control method S=P+jO
added a virtual complex impedance to redesign the angle L=
of the new output impedance to be aroundi, so that the e SR
droop form could be fixed [14]. However, the virtual complex 7,20 5
impedance needs to be carefully designed. A generalizexpdro <~ V,£0
controller (GDC) based on an adaptive neuro-fuzzy interfac EZ5 v,)
system (ANFIS) was developed in [15] to handle a wide (v,)

O

range of load change scenarios for L-, R-, dhgrinverters,
but resulted in a complex control structure. Additionaby,
real power and reactive power flow controller, which took
into account all cases of the R-L relationship, was proposed

for three-phase PWM voltage source inverters [16]. But the

phase shift needs to be obtained for its power transformatio

Moreover, an adaptive droop control method was propose#i- REVIEW OF DROOPCONTROL FORINVERTERS WITH
based on the online evaluation of power decouple matrix, [17] THE SAME TYPE OF OUTPUT IMPEDANCE

which was obtained by the ratio of the variations of the real In this section, the widely-adopted droop control strategy
power and the reactive power under a small perturbation @reviewed, with many new insights provided. An inverter
the voltage magnitude. Recently, an integrated synchatioiz can be modeled as a voltage sourgein series with the
and control was proposed to operate single-phase inventergutput impedancé, /6, as shown in Figure 2, wheté is the
both grid-connected and stand-alone modes [18]. Howevemplitude (or RMS value) of the source voltage anaalled

all these controllers, called they -controller to facilitate the the power angle, is the phase difference betweeand v,.
presentation in the sequel, only work for L-, R-, aRd- The real power and reactive power delivered from the voltage

igure 2. The model of a single-phase inverter.

inverters but not for C- oRc-inverters. sourcev, to the terminak, through the impedancg, /6 are
After thoroughly considering this problem, a droop con- EV V2 EV

troller for C-, R-, andRc-inverters, called th&-controller, P = 7 2 cosd — Z—") cos 6 + 7 Zsindsing, (1)

is proposed at first in this paper. Then, the principles of the ° 5 °

Ry.-controller and theR-controller are further explored and Q= (EVO cosd — V_O) sin@ — EVo sindcosf. (2)

clearly illustrated mathematically. Based on these ppies, Zo Zo o

a universal transformation matrik is identified to develop a This characterizes a two-input-two-output control plamni
universal droop control principle that works for invertevsh  the amplitudeF and the phasé of the sourcey, to the real
output impedance having a phase angle betwegnrad and power P and the reactive powe®, as shown in the upper
Z rad, which covers any practical L-, R-, QRy-, andR¢- part of Figure 3. The function of a droop control strategy

2
inverters. This universal droop control principle takes tbrm is to generate appropriate amplitude and phase) for the



Table |

E P DROOP CONTROLLERS FOR-, R-, C-,Rp,-, AND R -INVERTERS.
Control Plant -
) |Inverter type+ 0 |Input-output/Dr00p reIatlonshi;Droop controller |
[ - z P~o E=F —nQ
1 2 Q~F w=w*—mP
2 P~E E=FE*—nP
R- 0°
Q~—6 w=w*+mQ
© .. . P~ —6 E=FE* +nQ
Droop Controller 2 Q~—F w=w*4+mP
E - Rc-  [(=%,0) Coupled Depends orf
Ry- 0, %) Coupled Depends ord

Figure 3. The closed-loop feedback system consisting ofpihweer flow
model of an inverter and the droop control strategy.

these droop control strategies are employed.

IIl. DROOPCONTROL FORINVERTERS WITHDIFFERENT

. . . TYPES OFOUTPUT IMPEDANCE
inverter according to the measurédand @, that is to close

the loop, as shown in Figure 3. This certainly helps undadsta ] )

the essence of droop control and motivates the design /fParallel Operation of L-, R-, and Ry -inverters

other droop control strategies. Indeed, so far, the mgjarit .

the droop controllers are static rather than dynamic [24 an Sotme \t/vo_rks [3'3]} [1t;11]’ [15]”h;';1ve bete;n re}porte(iwl_?h the
other dynamic droop controllers should/could be develop&:ﬁra ure 1o investigate he parafiel operation ot INeeswith.
to improve the performance. Anyway, this is not the maiﬁI erent types of output impedance, although they aretéai

concern of this paper and will not be discussed further. to the parallel operation of L-, R-, anfl.-inverters. This
involves the introduction of the orthogonal transformatio

In practice, it is often assumed thais small. In this case, matrix
EV, V2

EV, .
P )cosf + —=4sinb, 3) _ | sinf@ —cosf
E?‘(} 5‘; EZX; T = cosf  sinf ()
Q= (=~ — —~)sinf — —=4 cosd. (4) to convert the real power and the reactive power whes
Z Z Z
° ° ° 0, ] into
This leads to decoupled relationships between the inpuds a(n 2]
. . . EV, .-
the outputs, which change Wlth the |mped§1nce grﬁgl&gr P _ pPl_ 7> sin ] ®)
examplg, when the outpqt impedance is inductive={ 7 Qr Q EZVo cos S — ‘;_
rad), P is roughly proportional ta), noted asP ~ §, and _ ? ?
Q is roughly proportional taF, noted as ~ E. According If ¢ is assumed small, roughly
to this, the well-known droop contro! strategy, that is toajy P,~6 and Q, ~E, @)
the frequency when the real power increases and to droop the
voltage when the reactive power increases, can be adoptgHich results in the droop controller of the form
The cases when the output impedance is resistive ( rad) X
E=E"—nQL 8

and capacitive{ = — 7 rad) can be analyzed similarly, which .
results in different droop control strategies [1]. The casben w=w" —mPr. 9)

the impedance is inductive (L-inverter), capacitive (@errter), Thjs s called theRy-controller in order to facilitate the
resistive (R-inverter), resistive-capacitive {Rnverter), and presentation in the sequel. Hereandm are called the droop
resistive-inductive (R-inverter) are summarized in Table |¢oefficients. This controller has the same form as the droop
for convenience. Apparently, the input-output relatiapstare  coniroller for L-inverters but the impedance angleeeds to

different and so are the droop controllers. This holds trygs known in order to obtain the transformed powiar and
for the conventional droop controller as well as the robu?L from (6); see [13], [14], [15].

droop controller [9], which is robust against variations o
output impedance, component mismatches, parameter, drifts
and disturbances etc.

Since the droop control strategies change the form whBy Parallel Operation of Rc-, R-, and C-inverters

the output impedancé changes, it is difficult to operate

; ) : i . Following the same line of thinking, the transformation
inverters with different types of output impedance in platal

matrix
In particular, the droop control strategies for L-investand
C-inverters act in the opposite way and the parallel opamati _gin@® cos6
r . r . ' T = . (10)
of a C-inverter with an L-inverter certainly does not work if —cosf —sind



can be introduced for C-, R- dtc-inverters withd € [, 0)
to convert the real power and the reactive power into

P P —EVa gin §
o] = lg]- l e pss 1 3 | D
In this case, for a small, roughly
Po~—6 and Qu ~ —FE, (12) (@) (b)
which results in the droop controller of the form (Fbi?lfre 4. Interpretation of the transformation matrices: 1, and (b)Tc
E = E* +nQc (13)
w=w"+mPc. (14)

This is called theRc-controller in order to facilitate the
presentation in the sequel and it has the same form as th
droop controller for C-inverters, which was proposed in]{11

[12]. Again, the impedance angleneeds to be known in Orderpositive for any output impedance withe [~ %, 0). Hence,

to obtain the transformed active powEt and reactive power according to the mapping described by (18),and Q) have

from (11). Apparently, this controller does not work for_ .. - - / .
Ecor RL-i(nve)rtergpbecau)s/e of the negative signs in (8-9). positive correlations withPc and Q¢, respectively. This can

be described as

P~ Ps; and Q~ Qc. (19)

%imilarly, for the R¢-controller, the eigenvalues df¢ in
(10) are—sinf + jcos®, of which the real part-sin6 is

C. Further Development of the Ry -controller and the Rc-

controller So the relationship shown in (12) can be passed ¢htand

Q as
The eigenvalues df’;, in (5) aresinf =+ j cos, of which P~Pc~—-6 and Q~ Qc ~ —FE. (20)
the real parkin 6 is positive for impedance with € (0, Z].
parsin s 1S pos mp with € (0, 3] o In other words, for impedance withh € [-7, 0), the real

According to the properties of the linear transformatiog][ : L2
and the mapping described by (6), it can be seenhandQ power P always has negative correlation with the power angle

have positive correlations witF, and @, respectively. This 0 _and the reactive powe always has negative correlation
can be described as with the voltage E. Then, theR¢-controller can also be

designed as
P~P d ~ QL. 15
L and Q~Qp (15) E=E* +nQ, (21)
So the relationship shown in (7) can be passed éhtnd Q w=w* +mP, (22)
as
P~P,~6§ and Q~Qp ~E. (16) Which is also directly related to the real powgr and the

h ds. § ) q e —_— | reactive powerQ. The effect of the impedance anglehas
In other words, for output impedance withe (0, 3], the real peen removed as long as it satisfies [-Z,0).

power P always has positive correlation with the power angle

¢ and the reactive powep always has positive correlation with Also similarly, to better understand the transformation ma

the voltageE. Hence, thekp-controller can also be designeqrix (10), the transformation (11) can be rewritten as
as

Po +jQc= —Psind + Qcosf + j(—Pcosf — Qsinb)
=20 (P 4 5Q).
In other words, the transformation (10) actually rotates th

which is directly related to the real powér and the reactive power vectorP + jQ by —Z — ¢ rad onto the axis aligned

power@), regardless of the impedance angldn other words, with the C—inverter, as shown in Figure 4(b), to form the
the effect of the impedance andléhas been removed as |°n9droop controller (21-22).

as it satisfied) < (0, Z].
In order to better understand the transformation matrix (5) |, summary, theR; -controller (17-18) can be applied to

the transformation (6) can actually be rewritten as inverters with the output impedance satisfyifig (0, Z] and
Pp+jQr = Psinf — Qcosf + j(P cosf + Qsin6) Fhe Rc—controll_er can be applied to in\{erters with thg output
_ ej(g_g)(P +0Q) impedance satisfying < [—7, 0). This widens the application
’ range of the L-controller and the C-controller. Howeveg th
wherej = /—1. In other words, the transformation (5) rotate®y,-controller cannot be applied to C- Bi--inverters, and the
the power vecto” + j@Q by 5 — ¢ rad onto the axis aligned R¢-controller cannot be applied to L- @ty -inverters, either.
with the L—inverter, as shown in Figure 4(a), so that the droophere is still a need to develop a controller that is applieab
controller (17-18) can be formed. to L-, R-, C-,Ry,-, andRg-inverters.

E=FE"—nQ, a7
w=w"—mP~P, (18)



Pr and@Qg, respectively. This can be described as

P~ Pr and Q ~ Qr- (25)

PHjQ .
According to (24), for a smal, there are

¢ PrtjOr PR ~FE and QR ~ —0. (26)

Combining these two, there is
S P~Pr~FE and Q~Qr~—6 (27)

for any 0 € (%, %). This basically indicates that the real
power P always has positive correlation with the voltage
and the reactive powep always has negative correlation with
the power anglé for any impedance angtec (-7, 7). This
results in the following conventional universal droop cotier
E=FE"—nP, (28)

w=w"+mQ, (29)

RMS which is applicable to inverters with output impedancessati
fying 0 € (=%, 7). Note that this droop controller (28-29)
takes the form of the droop controller for R-inverters. The
main contribution of this paper is to have revealed this fact
and formally proven it.
" Theoretically, when the impedance is purely inducti#e<
I /\/ 5 rad) or capacitive { = —7 rad), this relationship does
0 ; not hold but, in practice, there is always an equivalenteseri

~ - ‘f m —~ resistance (ESR) in series with the filter inductor so the
w*

ot+8 controller (28-29) is actually applicable to all practida,
R-, C-, Ry-, andR¢-inverters.

Figure 6. One implementation of the universal droop colerpivhich takes
the form of the robust droop controller for R-inverters pysed in [9], [1].

B. Implementation

There are many ways to implement the universal droop
control principle revealed in the previous subsection. st
natural way is to take the robust droop controller proposed
A. Basic Principle in [9], [1], which is re-drawn as shown in Figure 6 for the

. . . .convenience of the reader. This controller can be described
Following the above analysis, consider the transforman%ré_

matrix

IV. UNIVERSAL DROOPCONTROLLER

T [ cosf sind } . 23) E=K.(E*—V,) —nP, (30)

—sinf cosf
St ® w=w"+mQ, (32)
It transforms the real poweP and the reactive powep to )
In the steady state, there is

[SZ } :T{ 0 ] - [ Ezv—%bi;a;_ ] 24) nP = K (B" ~V,), (32)
which can be rewritten as which means the output voltage
P+ jQr= Pcosf+ Qsind + j(—Psinf + Q cos ) VozE*—KT:I;*E*, (33)
=e (P +3Q). b

Here, 75+ is the voltage drop ratio, which can be maintained
As shown in Figure 5, this transformation rotates the powwithin the desired range via choosing a lar§e. Moreover,
vectorP+ ;@ by —6 onto the axis aligned with the R-inverter,as long as¥. is chosen the same for all inverters operated in
i.e., clockwise wher® € [0, 7) and counter-clockwise when parallel, the right-hand side of (32) will be the same, which
6 € (=%, 0. Indeed, the eigenvalues @fin (23) arecos = guarantees accurate real power sharing. For more detads, s
jsind, of which the real partos @ is positive for any output [9]. Although this controller is known, the contribution tfis
impedance with € (—%, 7). According to the properties of paper is to reveal that this controller is actually univefsaall

the linear transformation [22] and the mapping described lpyactical L-, R-, C-Ry-, andR¢-inverters to achieve parallel
(24), P and @ are proven to have positive correlations wittoperation.
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Figure 7. The root loci of the small-signal model of the cbégop system (43) wheél changes from-73 to 3: (&) with a resistive load? = 8, (b) with
a resistive-inductive load.6 4 2.767, (c) with a resistive-capacitive load6 — 2.76;.

Considering small disturbances around the stable equilib-
C. Small-signal Sability rium operation pointd., V., E.), whereFE, is the magnitude
&I the inverter source voltagd/,. is the magnitude of the
load voltage and. is the phase angle difference between the
inverter source voltage and the load voltage. Linearizibg (
and (2) around the equilibrium leads to

It is a great challenge to analyze the stability of inverte
in parallel operation. Here, the small-signal stability afe
inverter equipped with the universal droop controller @0-

is analyzed.
AP(s) = Voe (cos de COSZ9 + sin d, sin 0) AB(s) + E.Vye(—sinde C;Se + cos O, sin 0) AS(s), (34)
AQ(s) = Voe (cos O sing — sind cos 6) AE(s) E.V,(sind, SiI;@ + cos 0, cos 0) AS(s). (35)
Similarly, the universal droop controller (30-31) can heehrized around the equilibrium as
sAE(s) = —nAP(s), (36)
Aw(s) = mAQ(s). (37)
Additionally, there is
Aw(s) = sAd(s). (38)

Note that the real power and the reactive power are normadigsured using a low pass filtg%. Combining the above
equations, the small-signal model of the closed-loop syste '

Wy Voe (cos 0 cos 0 + sin d, sin 0) E.V,e(—sind, cosf + cos J sin 0)

SAE(s) =—n- sto; Z AE(s)+ 7 A(s)], (39)
SAS(s) = m - wr Voe (cos O, sin 6 — sin J, COSQ)AE(S) B EEVOE(SIH(SESIHQ+COS(5€COSG)A§(S)]7 (40)
s+ ws Z, Zo

which leads to the following fourth-order homogeneousd = Zowﬁvoe (cos de cos @ + sind, sin ) (n + mE,)

equation o — mnEewJ%er.

as'Ad(s) +bs*Ad(s) + cs*Ad(s) + dsAd(s) +eAd(s) =0,  The system stability can be analyzed by investigating the
(41)  characteristic equation

with
P as* + bs® 4 cs® +ds + e = 0. (43)
a =4,
b= 272w, For the experimental system to be described later in Section

VI, the root-locus plots of this characteristic equationewid

¢ = Zowy (Voe(cos decos B-+sin desin ) (ntmEe ) +Z,wy ) (42) changes from-Z rad to Z rad are shown in Figure 7 with
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Figure 8. Reatime simulation results of three inverters with differéppes of output impedance operated in parallel.



droop coefficientsn = 0.48 andm = 0.03 for three cases
of different loads, i.e, a resistive loal = 82, a resistive
inductive loadr.6+2.764, and a resistive-capacitive lo@ad — s
2.76j. It can be seen that the system is stable for all thre
cases. Note that, according to (33}, is independent from ‘
the output impedance angle Thus, as long as the load is not £
changed, it remains as a constant at the equilibrium when th %
inverter output impedance anglechangesE,. changes with
the impedance angk but can be calculated according 9.
and the given load.

>

7S

V. REAL-TIME SIMULATION RESULTS
In order to validate the proposed universal droop contro

principle, real-time simulations were carried out on an QPA . o i A / -~

RT real-time digital simulator. Three single-phase in@est Figure 9. The experimental set up consisting of an L-inveda R-inverter,
powered by three separad€0 V DC voltage supplies were and a C-inverter in parallel operation.

operated together to power2a 2 linear load. The capacities
of Inverters 1 (L-inverter), 2 (C-inverter) and 3 (R-invart
with a virtual 42 resistor) were 1 KVA, 2 KVA and 3KVA,
respectively. It is expected that, = 2P, Q> = 2Qq,
P; = 3P, and Q3 = 3Q:. The PWM switching frequency
was 10 kHz and the line frequency of the system wal%
Hz. The rated output voltage was0 V and K. = 10. The
filter inductor wasL = 0.55 mH with a parasitic resistance
of 0.32 and the filter capacitoC' was 20 uF. According
to [23], the desired voltage drop rati% was chosen
as 0.25% and the frequency boost raﬂlg’f—: was 0.1%

so the droop coefficients are; = 0.0057, ny = 0.0029,
ng = 0.0019, m; = 3.1416 x 1074, my = 1.5708 x 1074

inductors. Since the aim of this paper is to address thelphral
operation of inverters with different types of outputimpede,

the case with a nonlinear load is not considered. The filter
inductor isL = 7 mH with a parasitic resistance of2 and the
filter capacitor isC' =1 uF, which is not optimized. The PWM
switching frequency id0 kHz; the rated system frequency is
50 Hz and the cut-off frequency; of the measuring filter

is 10 rad/s. The rated output voIEage]jS V and K. = 20.
The desired voltage drop ratiéi% is chosen as 10% and

the frequency boost rati@%qf is chosen as 0.5%. Here the
subscripti is the inverter index. These inverters are operated
andms = 1.0472 x 104, as an R-inverter with a virtual 8 resistor [5], [9], a C-inverter

The real-time simulation results are shown in Figure 8. AWith a virtual 161,F capacitc')r.in serjes with a virtua! 25
t = 0s, the three inverters were operated separately with thesistor [11], [12], and an original L-inverter, respeeti

load connected to the R-inverter only. Thentat 10s, the
C-inverter was connected in parallel with the R-inverted anA, Case |I: Parallel Operation of an L-inverter and a C-
the two inverters shared the real power and reactive powaverter

accurately in the ratio of 2:3. At = 30s, the L-inverter was
put into parallel operation. The three inverters sharedé¢iad
power and reactive power accurately in the ratio of 1:2:3rTh
the R-inverter was disconnectedtat 60s and the C-inverter
and the L-inverter shared the power accurately in the rdtio
2:1. Finally, the L-inverter was disconnectedta80s and the
load was powered by the C-inverter only. The frequency a
the voltage were regulated to be very close to the rated salu
respectively, as can be seen from Figure 8(c) and (d).

In this case, the L-inverter and the C-inverter were designe
to have the power ratio of 1:2, witR, = 2P; andQ2 = 2Q);.
The droop coefficients are; = 0.96, ny = 0.48, m; =
0.06 and my = 0.03. The experimental results are shown in
lgigure 10. Att = 3s, the C-inverter was started to take the
Ijl%ad. Then, at about = 65, the L-inverter was started to
%ynchronize with the C-inverter. At about= 12 s, the L-
mverter was paralleled with the C-inverter. They shareel th
; ower with a ratio of 1:2. The inverter output voltage and
of-lt-rTee \t';ﬁggf?r:\rlgsrtgghaef:g??a\ll(?:g%ivz;dtrt]heeS'Cv?tléﬁ?]rg(:;:gﬁﬁsductor currents were regu!ated well and the current; were
hared accurately with a ratio of 1:2. Note that the spikes in

with a hold filter when the three inverters were in parallej] frequency before the connection were caused by the phase
operation are shown in Figure 8(e) and (f). It can be seen tha? g y y P

indeed the three inverters shared the load accurately in {ﬁzgettmg (zero crossing) applied for synchronization.
ratio of 1:2:3.
B. Case II: Parallel Operation of an L-inverter, a C-inverter,

VI. EXPERIMENTAL VALIDATION and an R-inverter

To further validate the proposed universal droop controlle In this case, the L-inverter, the C-inverter, and the R-itere
experiments were carried out on a system consisting of thieere designed to have a power capacity ratio of 1:2:3, with
inverters operated in parallel, as shown in Figure 9. Eaéh = 1.5P, = 3P, and Q3 = 1.5Q2 = 3Q;. The droop
single-phase inverter is powered bg@V DC voltage supply coefficients arer; = 1.44, no = 0.72, ng = 0.48, m; = 0.09,
and loaded with &.8 () resistor in series with tw@.2 mH my = 0.045, andmg = 0.03. The parallel operation of the
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Figure 11. Parallel operation of an L-inverter, a C-inverend an R-inverter: (af and @, (b) V, and f, (c) v, andz.
Table I the R-inverter. As shown in Figure 11(a), after a short tiemts

STEADY-STATE PERFORMANCE OF THREE INVERTERS IN PARALLEL  the R-inverter and the C-inverter shared the real power lag@d t
OPERATION . . . .
reactive power with the ratio of 3:2, as designed. As shown
Variable R-&L-&C-inverters | in Figure 11(b), the RMS value of the output voltage and

Apparent power 1 6.07+L54]VA the frequency of both invertgrs be.came the same. The_ imverte
Apparent power 2 11.62+2.83)VA output voltage RMS valug shgh_tly increased and the R-it@rer
Apparent power 3 16.60+3.97]VA fre_quency decreased a little bit. 'Ifhen,.at about 15 s, the
Output voliage 1155V (ms) L-mverter was started'to synchronize wnh the terminatagé .
- uctor current 1 054 A (rms) egtabllshed by the R-inverter and the C-mverFer. As shawn i
Inductor current 2 103 A (ems) Figure 11(b), the RMS output voltage of the L-inverter sexbp
O —— 148 A (rms) up to be glmost the same as that of the load and the frequency
- of the L-inverter stepped up to be around 50Hz. After that,
Frequencyf _ 50.016 Hz at aboutt = 21 s, the L-inverter was connected to the load
Current sharing erIO'ISzLTl x 100% —24% and thus in parallel with the R-inverter and the C-inverfes.
Voltage drop =72 x 100% 3.8% shown in Figure 11(a), the L-inverter, the C-invertand the
Frequency drop™ =1 x 100% 0.03% R-inverter shared the real power and the reactive power with

the designed ratio of 1:2:3, as designed. As shown in Figure

11(b), the RMS value of the output voltage and the frequency
three inverters is tested, and the experimental resultshangn O these three inverters became the same. The RMS voltage
in Figure 11. of the load slightly increased and the frequency decreased a
(I]jttle bit. The load voltage was regulated well and the iteer

At t = 3s, the R-inverter was started to supply the loa . . D
Then, at about = 6 s, the C-inverter was started and began tcourrents were shared accurately with the ratio of 1:2:3 & th

synchronize with the R-inverter. As shown in Figure 11(b& t Steady state, as shown in Figure 11(c).

RMS output voltage of the C-inverter stepped up to be almostThe measured steady-state performance is summarized and
the same as that of the R-inverter and the frequency of the €own in Table Il. The current sharing error is jus?.4%,
inverter stepped up to be around 50Hz. At abbut 12 s, the which is very low taking into account that the inverters were
C-inverter was connected to the load and thus in paralldl wihot optimized. The performance for voltage regulation and



frequency regulation is very good too. [16]

VIlI. CONCLUSIONS

In this paper, a universal droop control principle has been
proposed for inverters with output impedance having a#’]
impedance angle between? rad and 7 rad to achieve
parallel operation. Coincidentally, the robust droop colfdr
recently proposed in the literature for inverters with sége
output impedance (fverters) actually offers one way to[19]
implement this principle. In other words, it can be applied
to any practical inverters having an impedance angle betwee
—5 rad and? rad. Small-signal stability analysis carried out

for an inverter equipped with the universal droop controllg20]

[18]
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experimental results have demonstrated the effectiveri¢he
universal droop controller for the parallel operation ofdrters

with different types of output impedance, achieving actRirap,
proportional power sharing, tight voltage regulation amdyv [23]
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